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The possibility of controlling Josephson vortices and fluxon states has always been an attractive area
of research that can influence the development of superconducting devices and quantum computing. Here
we demonstrate the capability of magnetic force microscopy to detect and manipulate Josephson vortices
(JVs) and fluxons below the critical current in complex superconducting systems on the example of a dc
superconducting quantum interference device. The simultaneous magnetic force microscopy and transport
investigation method make it possible to generate JVs by direct current in Josephson junctions and simul-
taneously analyze their dynamics under various external conditions. Our results show a dynamic process of
transition of 2 -phase singularities of JVs and fluxons from one to another. Finally, we demonstrated that
the magnetic force microscopy method could distinguish the difference in critical currents between sev-
eral Josephson junctions in complex superconducting circuits without the need of direct electron transport

measurements.
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I. INTRODUCTION

The quantum nature of superconductivity gives rise to
a multiplicity of macroscopic quantum phenomena. One
of the most outstanding of them is the appearance of
2mn-phase loops in superconductors. 277 singularities in
the single connected type-II superconductors are known
as Abrikosov vortices (AVs). Methods of detection and
manipulation of AVs are well studied by a range of dif-
ferent means, including decoration [1-3], magneto-optics
[4,5], scanning tunneling microscopy (STM) [6-8], mag-
netic force microscopy (MFM) [9,10], superconduct-
ing quantum interference device (SQUID) microscopy
[11-14], and Lorentz microscopy [15].

The other examples of flux quantization in complex and
multiple-connected superconducting systems are Joseph-
son vortices (JVs) and fluxons. While fluxons are well
studied by a number of methods, like transport measure-
ments [16,17], Hall micromagnetometry [18,19], scanning
Hall probe microscopy [20], SQUID magnetometry [21],
scanning SQUID microscopy [22], calorimetry [23], and
modified MFM method [24,25], JVs are harder to detect.
This is due to their small field gradient and high mobil-
ity. However, they have been indirectly studied using the
transport measurements (known as Fraunhofer pattern)
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or detecting electromagnetic waves by scanning electron
microscopy from moving JVs [26,27].

In the past few decades with the rapid development
of scanning probe microscopy, MFM proved itself as an
effective instrument not only for detection and manipula-
tion of AVs [28], but also for Josephson vortex and fluxon
dynamics in superconducting structures [24,25,29,30]. In
Ref. [31] it was demonstrated that the MFM method is
capable of observing processes in the nondissipation area
below the critical current of Fraunhofer pattern and can
give more information than usual transport measurements.
Moreover, in the same work, it has been shown that a local
homogeneous magnetic field can be used for the creation
of JVs’ ratchetlike movement in a long Josephson junc-
tion (JJ). This gives an opportunity for the creation of low
dissipation logic for superconducting electronics [32—35].

In this work, we apply simultaneous MFM and transport
measurements for studying fluxon dynamics in complex
superconducting devices on the example of dc SQUID.
While scanning we observe signal responses from AV,
JV in the junctions, and fluxons in the ring with a possi-
ble transition from JV to fluxon and vice versa. Then, by
measuring the dependence of the cantilever frequency on
the external field and the value of the current along one
of the contacts, we demonstrate peculiar vortex behavior
in the sample and the possibility of detecting defects in
superconducting devices.
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FIG. 1. (a) Scheme of the SQUID with long junctions. The red
color is for copper Cu and the light gray color is for niobium Nb.
All the six contacts are bonded for the transport measurements;
(b) 1.(woH) characteristic of the sample at 7 = 4.2 K.

Finally, we demonstrate the possibility of analyz-
ing complex systems and distinguishing the difference
between Josephson junctions without direct transport mea-
surements and using only the modified MFM technique.
Eventually, combining both MFM and transport measure-
ments can be a great tool for the exploration and diagnostic
of superconducting electronic devices.

I1. RESULTS AND DISCUSSION

Figure 1(a) shows a sketch of the investigated dc SQUID
that consists of Nb superconducting ring with the inner
radius R;, = 2 um and outer radius Ry, = 2.5 um and two
JJs of SNS type made of Nb/Cu/Nb bilayer. Each junction
has a length of L ~ 2.5 yum with the width of Cu interlayer
of ty = 150 nm and thickness of dy = 50 nm. The width of
each Nb electrode in the junctions is Wg; >~ Ws; >~ 1 um,
the thickness of Nb electrodes is ds = 100 nm. The details
of sample fabrication could be found in Ref. [29] and in
the Appendix.

Figure 1(b) presents the dependence of the basic trans-
port characteristics of the SQUID on an applied magnetic

field at temperature 4.2 K with a cantilever retracted
far from the sample to exclude its influence. At this
temperature, JJs remain in long state with A; >~ 350
nm [29]. The electron transport measurements are car-
ried out in a standard four-terminal configuration using
contacts 2—5 for the current setup and 1-4 for volt-
age measurements [see Fig. 1(a)]. The critical temper-
ature of the superconducting junction in zero applied
field is 8.4 K. One can notice that the SQUID has an
oscillation period approximately 0.12 mT, which is in a
good agreement with the simple estimation poHsquip =
wo(®o)/ (7 (Rin + Rouw)/2)?) =~ 0.125 mT, where @ is a
flux quanta, Ry, and R, are the inner and the outer SQUID
radii, respectively. The larger oscillation refers to a single
JJ and is equal to woHyy ~ 1.1 mT.

Further, the magnetic probe approached the device and
the magnetic properties of the sample are examined at
different applied external magnetic fields Hey and bias
current / flowing through contacts 1-2.

Figures 2(a)-2(d) show the MFM maps of the sample
with / = 0 mA at different applied magnetic fields. As can
be seen, in all the scans Nb leads remain in the Meiss-
ner state, which creates repulsion of the cantilever and
positive shift of tip oscillation frequency (bright areas on
the scans). Moreover, one can notice black arcs on both
Josephson junctions each of which represents a bifurca-
tion entry (exit) of a JV into (from) the JJ. The way how it
happens is as follows: when the probe is close enough, its
magnetic field is sufficient to generate or push out a few
JVs into the junction. However, when JV enters (exits)
the junction, it disrupts the flow of Meissner currents,
which eventually results in sudden drops in the probe fre-
quency as screening efficiency is decreased. Such drops
in cantilever frequency are seen as arcs in MFM scans.
[29,30].

Then, at By = —2 mT [Fig. 2(a)], the magnetic field of
the probe is partially compensated, due to which there is
only one pair of arcs for each JJ. Then, at 0 mT [Fig. 2(b)]
we already see a few pairs of arcs. Interestingly, there is no
visible flux in the ring itself even though the field needed
for just one flux quanta is almost 10 times less than the
one for JJ. It can be explained by the fact that the SQUID
ring has a significantly larger inductance than JJ (see the
Appendix). As a result, the initial field required for the flux
to enter the ring is several times higher than the one for
the junctions. Next, in the external magnetic field Bey = 4
mT [Fig. 2(c)] the flux already entered the loop, as there
are concentric rings in the SQUID center in addition to
the ones in the junctions. Moreover, the arcs in the junc-
tions are only one sided as they do not have pairs like in
(a),(b), which corresponds to the fact that JVs enter (exit)
the JJ from one external side and refer to the generation of
fluxons in the ring.

At —3 mT [Fig. 2(d)] we see an intermediate case when
we have pairs of arcs in JJs and some response from the
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FIG. 2. MFM scans 6.5 x 12 um? at T = 4.2 K of the device at different values of the external magnetic field with zero transport
current (a)d): —2 mT (a), 0 mT (b), 4 mT (c), and —3 mT (d). (d)«f) MFM maps at a certain value of the magnetic field = —3 mT with
different current through the contact 1-2: / = 0 mA (d), / = 5 mA (e), I =25 mA (f). (g),(h) MFM scans with Abrikosov vortices
present at —3 mT (g) and —8 mT (h) demonstrate detection of three different types of flux quanta in the same device: Abrikosov
vortices, JV, and fluxons in the SQUID. The vertical distance between the MFM probe and the Cu substrate is 175 nm. (i) Calculated
distribution of the magnetic flux above the sample during scanning at Hex: = 0 mT. White dashed contour depicts the sample geometry.

The scale bar in all the images corresponds to 2 ym.

fluxons in the SQUID ring. There are also additional tran-
sitions between the fluxon states in the ring, which are seen
as connections between them. To analyze fluxon states
we plot the calculated distribution of flux quanta num-
ber across the device at zero external magnetic fields (see
the Appendix) during the scanning with MFM cantilever
[Fig. 2(i)]. There, we have flux quanta in both JJs and in
the SQUID ring, and the boundaries of the states with a
different number of flux quanta are very similar to MFM
figures. Moreover, in the overlap regions near the junc-
tions, there are similar transitions, which are observed in
Fig. 2(d). A distorted image of the rings in the experimen-
tal data is related to the slight asymmetry of the magnetic
field of the MFM cantilever.

In Figs. 2(e) and 2(f) there is also a transport cur-
rent that flows through the upper lead of the left junction
between contacts 1-2. Magnetic field of the current is well
visible in the MFM images as lighter and darker areas
around the path of the current flow. In Fig. 2(e) current
is 10 mA, which is still below the critical value. In that
case, arcs in the junction and in the ring are distorted,
and as for the ones generated in the SQUID area—they

are not symmetrical due to the inhomogeneous magnetic
field of the current from the left side. In this area, there
are different sources of the magnetic field: the cantilever
magnetic field, the external field from the solenoid, and
the generated field from the transport current. The exter-
nal magnetic field is homogeneous across the scan area,
but the contributions of the transport current and cantilever
inhomogeneous fields depend on MFM tip position while
scanning. While approaching the center of the structure,
the influence of the probe increases. From the other side,
as we move away from the left upper contact the influence
of the transport current decreases. It leads to the asymmetry
of the rings and transitions from one ring to another.

In Fig. 2(f) the transport current of 30 mA is higher than
the critical value and, as the result, the current also starts to
flow through the other contacts, which is confirmed too by
the picture of lighter and darker areas around the lower part
of the device. These darker and lighter shadows can give
a clue about the new current path in the system. Since the
current generates the magnetic field, the direction of the
field is opposite on both sides of the current flow. In the
MFM images, the lighter regions correspond to a repulsive
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The frequency shift of the cantilever in dependency on the current along the left junction (contacts 2—1) and external mag-

netic field at 7= 4.2 K for different positions of the tip placed on 150 nm above Cu. (a) Cantilever is above the center of the left
junction; (b) in the center of the ring; (c) near the center of the right junction. Insets in each picture show the scheme of the current
flow (orange line) in the sample (blue) and the position of the tip (red dot).

force, and the darker ones—to an attractive force. Thus,
it is possible to reconstruct the path and the direction of
the current flow in the device by following the lighter and
the darker regions that appear in the device. It can be seen
that when the current values are above critical it flows not
only through the upper left contact but also starts to path
through the lower part of the ring and contacts 3—6 [the
current flow is indicated with arrows in Fig. 2(f)]. The flow
of the transport current goes to the other contacts 3—6 as
they are connected to each other. Moreover, there are no
more dark arcs or rings in the device, which means that
fluxons or JVs cannot be detected when the device goes to
normal.

Then, after applying a relatively high magnetic field
around —20 mT, Abrikosov vortices penetrate into Nb film.
During the further decrease of the external magnetic field,
some of the vortices remain pinned at lower values of
the field, which can be seen as bright spots on Nb leads
in Figs. 2(g) and 2(h) for —3 and —8 mT, respectively.
Figure 2(g) in contrast to (d) has slightly different arcs in
the JJ area and does not have central rings, as Abrikosov
vortices in (g) act as sources of inhomogeneous magnetic
field and redistribute screening currents in the sample, sig-
nificantly changing the whole image of the system. At a
higher magnetic field, at —8 mT (h), one can see a complex
scenario with concentric rings in the central part, bifur-
cations near the JJ contacts, and Abrikosov vortices in
the Nb leads, demonstrating the possibility of the detec-
tion of different types of magnetic flux quanta in a single
device.

To further study fluxon dynamics in the sample we set
up the current flow along only one Josephson junction lead,
using contacts 1 and 2. The tip during the measurements is

placed in different positions relative to the device shown
by the red dot on the insets of Fig. 3.

The method of Josephson vortex detection in the nondis-
sipating mode proposed in the work [31] gives an oppor-
tunity for a deeper analysis of the fluxon dynamics in
the superconducting system as a function of the trans-
port current. As the transport current in this experiment
flows through the upper right contact 1-2 it creates an
additional magnetic field. The results of the observations
are presented in Fig. 3. Each abrupt change in frequency
of the probe, seen as dark lines, refers to the transition
between the states with » and n + 1 JVs and has the same
nature as the arcs in the MFM images in Fig. 2. When
the total magnetic field reaches the determined value, the
transition between n and n 4+ 1 states (n JVs and n+ 1
JVs in the junction) occurs. The total magnetic field con-
sists of contributions from the external magnetic field,
the magnetic field of the electric current, and the mag-
netic field generated by the MFM probe. At the big values
of the external magnetic field and the transport currents,
the lines show almost linear dependency, which corre-
sponds to the total magnetic field in the junction. The
field required for the fluxon entrance is the same, thus, the
change in the current should be compensated by the exter-
nal magnetic field. As the current field is B ~ I according
to Biot-Savart law it results in the linear dependencies
for the 7 and B values in the case of dips in the can-
tilever frequency, which correspond to the change from
nto n+ 1 (or vice versa) JV state in the system. In our
case B ~ 26.3(mA)/(mT) /. In Fig. 3(a) an average period
between the lines at zero electric current is approximately
1.1 mT, which stands for the flux quantization field in the
junction.
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FIG. 4. Maps of the spatial distribution of voltage drop in the
device at T = 4.2 K in the external magnetic field: 0 mT (a) and
0.5 mT (b). Dashed white contour shows the actual shape of the
sample and its location on the scans. The probe lift height is 175
nm above the substrate. The scale bar corresponds to 2 pm.

Another point worth paying attention to is that on the
tilted black lines there is also additional modulation with
period AB ~ 0.15 mT (see the Appendix, Fig. 6). It is sup-
posed that this effect corresponds to the interference of the
signals from the junction and from the SQUID ring flux
quantization, which is approximately 0.12 mT and slightly
deviates from the value in the /.(H) measurements and
estimations.

As for the situation when the magnetic tip is placed
above the right JJ, only lines with a bigger tilt are present.
The period AB ~ 1.1 mT is almost the same as for the
case in (a), which indicates that it is the response from
JV in the right JJ. Smaller tilt B ~ 2.5(mA)/mT can be
explained by the fact that much less magnetic field from
the current reaches right JJ, and smaller values of the exter-
nal magnetic field are needed to compensate for it. If JJ is
much further than the current path, the dark lines in the
frequency df (B, 1) maps would have turned into vertical
ones (along), meaning that JVs, in that case, could only be
generated by the external magnetic field. Eventually, such
a method is capable of detecting magnetic field gradients
from the electrical current itself.

Without changing the transport current configuration,
the probe is moved to the center of the SQUID ring
[Fig. 3(b)]. It can be noticed that in addition to the exist-
ing lines, the lines with a different slope appear with
them, and a little further from the center of symmetry,
straight lines turn into wavy curves. In the central region
in the range from —4 to 4 mT two groups of lines with

different tilts are present. The lines with bigger tilt
correspond to the entrance (exit) of JVs in the left JJ, as
it is closer and more sensitive to the magnetic field of the
passing current. The lines with smaller tilt correspond to
the right junction, as can be seen from Fig. 3(c). At big-
ger magnetic fields the lines merge, creating peculiar wavy
curves, which mostly consist of two different slopes. Upon
sweeping the magnetic field and current, the slope of the
curves gradually changes from one to another, and both of
these slopes are the same as for individual left and right
contacts. It means that at certain conditions JV entered
(exited) the circuit through the junction, but at some cur-
rent and magnetic field values JV started to enter through
the other JJ, which resulted in a change of the slope in the
curves.

Case in Fig. 3(b) differs from (a) and (c) also by the
absence of the signal above the critical current value. The
blurred lines above /. in (a) and (c) correspond to the
further dynamics of the JVs [31]. This behavior is not
observable when the probe is in the center of the ring,
which can be due to simply pushing out the JVs into the
junctions. Moreover, in (a) more features can be seen at
even higher current starting from 20 mA at magnetic fields
from —8 to —4 mT. Such a high electrical current can cre-
ate a junction in the ring itself and can occur in the place
with light rings in Fig. 2(f), which acts as a phase-slip cen-
ter. As the result, such a technique also proved itself as
a tool for detecting possible defective weak places in the
devices due to fabrication.

Next, the voltage maps in dependence on the cantilever
position are recorded. To investigate the further influence
of the in-homogeneous field of the MFM tip, the sam-
ple are scanned by MFM at different applied magnetic
fields. Similar to the procedure introduced in Ref. [36],
during this process the voltage on the sample is measured
as a function of the position of the probe at the defined
applied current slightly above the critical value. The volt-
age is applied between contacts 1 4+ 3 and 4 + 6 so that
the current flow is directly through the weak links of both
JJs. To create a bigger difference between the two IJs,
the defect is made by the AFM tip on the right junction.
As can be noticed, the maps have a circular symmetry,
which is related to the symmetry of the field created by
the tip. On Fig. 4 voltage maps at fields 0 and 0.5 mT
are shown. There, the signal from the junctions is not
the same, demonstrating that such a method can possi-
bly distinguish the difference between Josephson junctions
even without direct transport measurements. Thus, such a
method makes it possible to analyze complex circuits in a
noninvasive way, which can incredibly simplify diagnostic
of superconducting electronics in the future.

III. CONCLUSIONS

In conclusion, the developed MFM method allows
investigation of the behavior of fluxons in superconducting
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structures and analyze their dynamics under different
external conditions. Moreover, we assume that while
changing the external magnetic field JV in the junctions
undergo the transition into fluxon in the superconducting
ring and vice versa. Then, measuring the frequency shift of
the MFM tip as a function of transport current and exter-
nal magnetic field while being at a single point above the
sample, it is possible to reveal peculiar fluxon dynamics
and its transitions in the complex superconducting system
and it can also be used as a tool for the defect analysis.
Finally, it is shown that the modified MFM method is capa-
ble of distinguishing the difference between several JJs
without the need for direct transport measurements, which
can significantly help in the diagnostics of superconducting
electronics.
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APPENDIX A: METHODS

Sample fabrication. Nb/Cu/Nb SNS structures are fab-
ricated using UHV magnetron sputtering, e-beam lithogra-
phy technique with a hard mask, and reactive ion etching
in CF4 and O, atmosphere as follows. First, a Cu film and
Nb film are subsequently deposited onto SiO,/Si substrate
in a single vacuum cycle. The polymer mask for Nb leads
is then formed by electron lithography. The pattern is cov-
ered by a 20-nm-thick aluminum layer for lift off, and the
Al hard mask for Nb leads is formed. Next, the uncovered
Nb is etched. After Nb patterning, the Al mask is removed
with wet chemistry.

Magnetic force microscopy. Magnetic force micro-
scopy measurements are conducted in Attocube Attodry
1000 cryostat equipped with a 9T superconducting magnet,
which creates a homogeneous magnetic field in the sample
space. For the measurements, we use Bruker-MESP probes
with magnetic Co/Cr coating and spring constant £ = 2.8
N/m. Before the experiment, the probe is magnetized with
aneodymium magnet in the same direction as the magnetic
field applied in the cryostat. The MFM scans are performed
with a phase-locked loop (PLL) on, and the frequency shift
of the cantilever is recorded.

Transport measurements. The transport
measurements are performed with a standard four-probe
configuration. The Fraunhofer pattern was measured in
the following approach: for each applied magnetic field,
an /-V curve is measured. The current biased method is

used to measure /-V curves. The current is swept using
Yokagawa GS200 and voltage is measured with Keithley
nanovoltmeter 2182. dV/dI in Fig. 1(b) of the main text
is a differential resistance obtained numerically from /-7
curves by a two-point derivative.

APPENDIX B: FLUX CALCULATION
PROCEDURE

To calculate the total flux through the sample we use the
so-called point-probe approach. According to this method,
stray magnetic fields of the cantilever can be approximated
by the magnetic charge ¢ placed on the distance § from the
tip of the probe [36].

Then the magnetic flux created by the cantilever through
the SQUID loop and JJs can be found using the relation:

o=1q

4 (B1)

where Q is the solid angle of the loop and JJ from the
perspective of the point charge.

In the case of a loop, this solid angle can be calculated
using Eq. (B2)

27 + 2 (ERM(e?, k) —K(L), r<R
T 2 (e b - KW), >R,
(B2)

where K, IT are Legendre’s form of the complete elliptic
integrals of the first and third order, respectively, » is a dis-
tance of charge projection on the surface of the plane of

the loop from its center, H = § + 4, L = \/H? + (r + R)?,
k=~4rR/L, x = ~/4rR/(R +r).

For JJ Q55 could be found using the equation

2
Qy = Z (=) atan|: L

ij=1 H,/xl-z—i-yjz—H"[2

where {xi,x2,y1,),} are the coordinates of the rectangle
with the size L x d 4 2 (for more details see Ref. [36]).
Finally, to calculate the total flux the parameters g =
6.5 x 107'* Wb and § = 260 nm are chosen to have the
same geometrical properties as the arcs seen in the MFM
images. As a result, these parameters turned out to be in
good agreement with the actual values shown in Ref. [36].

], (B3)

APPENDIX C: CALCULATION OF INDUCTANCE

The inductance of SQUID consists of three components
Lsquip = Lk + 2Ly + Lg, (C1)

where L is a kinetic inductance of the SQUID loop, Lg
is a geometrical inductance of the SQUID loop, and Lyj is
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(a)

FIG. 5.

Temperature dependence of MFM images of the device obtained at zero magnetic field and with no transport current. The

distance between the cantilever and the sample is 175 nm. The scale bar corresponds to 2 pum.

an inductance of each JJ. Commonly, Lg, Lyy > Lk, so the
kinetic inductance of the system can be neglected. While
the inductance of a single JJ can be approximated eas-
ily using the equation Lyy = ®¢/271. ~ 2.5 x 10713 H, the
calculation of the superconducting loop inductance is more
complicated. To determine the term L; we approximate
the system with five wires with the diameter equal to d
and radius R; = R;, + (i — 1/2)d placed concentrically. In
this approximation, the total geometrical inductance can be
found using the equation

5
4R;
Lo ~ ZR,MW? —2]=54x10""H. (C2)

i=1

Since the inductance Ly >> L, it is more favorable for the
system to trap flux quanta in the form of JV rather than as
a fluxon in the ring. The situation will change when two
energies are equal. To find the total flux that can be carried
by JJs before it enters the SQUID we need to solve a simple
equation

2L
] ~ 49,

P=9
0 Lo

(C3)

As can be seen, the calculated value is close to the
experimentally observed one.

APPENDIX D: MFM TEMPERATURE
DEPENDENCE

Figure 5 shows the temperature dependence of MFM
scans at zero magnetic field with no transport current
through the device. One can notice that the field of the can-
tilever does not generate flux quanta in the SQUID ring,
which remains in the ground state at low temperatures,
Fig. 5(a). However, the local inhomogeneous field created
by the probe is enough to generate multiple JVs in the
weak links. At the elevated temperatures it becomes more
favorable for the flux to penetrate directly into the ring,
which results in the concentric rings in Figs. 5(b)— 5(f).
Such a transition is a result of the nonlinear dependence
of Ly; on the temperature while geometrical inductance
of the SQUID Lg does not depend on the temperature.
At temperature 7 = 6.1 K, an intermediate state can be
observed when the geometrical inductance is equal to
2Ly;. At higher temperatures Lj; becomes larger than the
geometrical inductance and black rings can be already
observed.

At temperatures close to the critical and higher, the sam-
ple undergoes a transition from the superconducting to the
normal state [Figs. 5(g) and 5(h)]. At these temperatures,
there is no Meissner state and only the influence of the
sample topography is seen. An additional weak spot in
the upper left part becomes visible in the normal state. As
in the normal state there is no screening, there is also no
repulsive force acting on the probe, and we see only the
larger attractive force from the surface spots that are closer
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FIG. 6. (a)Frequency shift of the cantilever dependency on the
current along the left junction (contacts 2—1) and the external
magnetic field for the case when the tip is placed 150 nm above
the center of the left junction. The figure is an enlargement of
Fig. 3(a) of the main text. (b) Cross sections of (a). The blue
curve stands for a cross section of (a) at zero current (indicated
with a dashed line in (a), and the red curve is a cross section
along the diagonal line indicated with the red arrow in (a). The
cross sections are shifted along df (Y axis) for better visibility.

to the tip, so it should correlate with the sample geome-
try. The weak spot means that there is a constriction in
the device, which appears during the fabrication process.
Besides, one can notice a black dot in the center of the
right JJ. As stated in the main text, such a defect is created
with an AFM probe to introduce additional slight asym-
metry in the system to show capabilities of MFM to detect
difference in the similar JJs.

APPENDIX E: FLUX QUANTIZATION IN THE
SQUID IN THE df (B,1) DEPENDENCY

It is demonstrated in the MFM images in Fig. 2 that both
the arcs (from JVs) in JJ and the rings (fluxons) in the
SQUID can be seen simultaneously. It means that while
performing df (B,/) measurements introduced in Fig. 3
it should also be possible to detect both JVs in the near-
est junction and fluxons in the rings. Figure 6(a) shows
an enlarged region of Fig. 3(a) from the main text, when
the tip is placed above the center of the left junction and
the current flows through the left upper lead of the left JJ
between contacts 1 and 2. It is already shown in the main
text that the black lines with periodicity 1.1 mT correspond

to the entrance (exit) of the JV in the left JJ. However, one
can also notice additional modulation with a smaller period
along some of the black lines. Figure 6(b) shows cross sec-
tions at zero current (blue) and along one of the tilted lines
[red, indicated with red arrow in (a)]. The periodicity of the
red curve corresponds to AB ~ 0.15 mT, which is quite
close to the value 0.12 mT obtained from the /.(B) mea-
surements and from the estimations for the SQUID ring.
From this, we can suggest that this modulation comes from
the fluxons in the SQUID itself.
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